Abstract This work was aimed to develop a chemical sensor for the determination of total polyphenol content (TPC) of coffee samples. The polyphenol sensor was based on co-immobilization of NaIO 4 and MBTH in paper as a test strip. The sensor showed sensitive response to chlorogenic acid by forming pink color adduct which can be scanned and quantified by Imagej program. The sensor had response time of 14 min and a linear range between 0.07 and 0.71 mM of chlorogenic acid with a detection limit at 0.002 mM toward chlorogenic acid. The reproducibility of the sensor was good (RSD = 0.44%) with a life time within 27 days when stored at 4°C. TPC of coffee samples were determined by the sensor, and the results were in agreement with the Folin-Ciocalteu method suggesting its practical use as a tool for TPC determination in coffee samples.
Introduction
Coffee is consumed regularly as beverage by many people and is known as one of the most popular beverages in the world. Coffee is also known for its positive effects on human health based on various studies (Higdon and Frei 2006; Bae et al. 2014) . Coffee exhibits various pharmacological effects, such as reducing risk of diabetes and Parkinson's diseases, and could increase cognition and mood (Ascherio et al. 2001; Tieges et al. 2004; Sartorelli et al. 2010) . Polyphenolic compounds found in coffee, mainly chlorogenic acids (CGAs) are known responsible for their health effects and their aromatic properties of coffee (Farah and Donangelo 2006; Santana-Gálvez et al. 2017) . Therefore, polyphenol content can be used as quality parameter for coffee samples, and the quantification of its content is important.
Liquid chromatography (namely HPLC) used extensively as standard method for the determination of polyphenol (e.g. CGAs) in coffee samples (Stalmach et al. 2006; Ayelign and Sabally 2013; Wenjing et al. 2014) . To improve the selectivity, Liquid Chromatography-Mass Spectrophotometer (LC-MS) method was applied to identify several CGAs in green coffee samples (Perrone et al. 2008) . However, these methods are criticized for being tedious, time consuming, and very expensive (Abdullah et al. 2007; Yardim et al. 2013 ). On the other hand, spectrophotometric (UV-Vis) method was also used for polyphenol determination in coffee samples. For example, CGA can be directly quantified in coffee beverages by measuring the absorbance at 324 nm after caffeine removal by liquid-liquid extraction (Belay and Gholap 2009) . CGA content in coffee beverages could also be determined by treating the solution with lead acetate followed by reading absorbance at 325 nm (Upadhyay et al. 2012) . In addition, Folin-Ciocalteu (FC) spectrophotometric method was widely employed for the determination of TPC in coffee samples (Heči-mović et al. 2011; Ibtisam and Karim 2013) . However, FC reagent does not react specifically with phenols only but also with other substances like aromatic amines and sugars (Box 1983 ) that are present in brewed coffee. Therefore, the development of alternative methods for polyphenol determination which simplify the analysis is needed.
One alternative method is using chemical sensor or biosensor for polyphenol determination, as these technologies can be readily applied for this task and have been applied for apple, tomato, beer, wine, coffee, and tea beverages (ElKaoutit et al. 2008; Fernandes et al. 2009; Santos et al. 2011; Arciuli et al. 2013) . Tyrosinase (polyphenol oxidase) is binuclear copper enzyme which can be immobilized on several solid supports to construct a polyphenol biosensor. The enzyme catalyzes the oxidation of o-diphenols to the corresponding o-quinones by consuming molecular oxygen, and may also catalyze orthohydroxylation of monophenols to cathechols and their subsequent oxidation to o-quinones (Muñoz et al. 2006) . These o-quinones can be further trapped by a nucleophile reagent i.e. 3-methyl-2-benzothiazolinone hydrazone (MBTH) to generate chromopohore adduct which can be quantified spectrophotometrically (Muñoz et al. 2006; Santagostini et al. 2008) . Optical biosensor based on immobilization of tyrosinase and MBTH solutions onto hybrid of nafion/silicate and chitosan films have been developed for the determination of several phenolic compounds (Abdullah et al. 2006) . Recently, tyrosinase and MBTH solutions were introduced to the paper platform (Arciuli et al. 2013; Ş enyurt et al. 2015) , allowing color image acquisition by flatbed scanner and color quantification by colorimetric program which made polyphenol determination simpler, faster, and cheaper.
As tyrosinase suffers from stability and lag time issues in kinetic oxidation of phenolic compounds, sodium periodate (NaIO 4 ) has been used extensively to replace tyrosinase for oxidizing phenolic acids such as CGA and caffeic acid (Fulcrand et al. 1994; Muñoz et al. 2007 ) and flavonoids such as catechin, epigallocatechin, epicatechin gallate, and epigallocatechin gallate (Jimé-nez-Atiénzar et al. 2004; Munoz-Munoz et al. 2008) . Like tyrosinase, NaIO 4 can oxidize the o-diphenols into their related o-diquinones. However, unlike the enzyme, the oxidation of substrates by excess of NaIO 4 is instantaneous (Muñoz et al. 2006; Santagostini et al. 2008) . Interestingly, NaIO 4 was routinely used to determine total CGAs in green and roasted coffee beans, as it was recommended by Clifford three decades ago (Clifford 1979) . In addition, it was known that NaIO 4 oxidized CGA into its corresponding quinone (CGA-q) in similar way to tyrosinase but with faster reaction time (Muñoz et al. 2007 ).
This work was aimed to develop a chemical sensor in the form of simple strip test by immobilization of NaIO 4 and MBTH solutions onto filter paper for determination of TPC in coffee beverages. The sensor showed sensitive response to CGA by forming pink color adduct which can be scanned by flatbed scanner and quantified by free image processing program, i.e. ImageJ. The optimization of sensor fabrication, its analytical performances, and the use of this tool for determining TPC in various brewed-filtered coffee beverages are discussed. Finally, the TPC values obtained by the developed polyphenol sensor are compared with that of spectrophotometer method (FC), and the association between two methods is also discussed.
Materials and methods

Chemicals
NaIO 4 was purchased from BDH-Merck (UK), while MBTH was obtained from Fluka (UK) and CGA was purchased from Aldrich (USA). Phosphate buffer solution (PBS) at pH 7.0 for reagent immobilization was prepared by adjusting amounts of NaCl, KCl, Na 2 HPO 4 and KH 2-PO 4 buffer systems. In all cases, the mixtures were 0.2 M in each constituent. PBS components, FC reagent and Na 2 CO 3 were obtained from Merck (Germany). All chemicals were analytical grade.
Coffee beverages
Dried powder of roasted coffee bean samples (Robusta and Arabica) were purchased from PT. Perkebunan Nusantara X Jember (Indonesia). Coffee beverages were prepared by brewing dried powder of coffee with boiling water at concentration of 1% w/v. The coffee suspension were decanted and filtered through filter paper (pore size 11 lm) to obtain sample solutions. Then, sample solutions were cooled to ambient temperature before polyphenol analysis.
Sensor fabrication
The polyphenol sensor for coffee was developed by immobilizing sensor reagent (NaIO 4 and MBTH solutions) onto 0.5 9 0.5 cm 2 Whatman filter paper (CAT No.1095.093, Merck UK). The reagent was transferred (4 lL) onto the filter paper and dried for 30 min at ambient temperature to obtain the colorimetric sensor membrane. Afterward, the membrane was stuck gently onto acrylic sheet (3.0 9 0.7 cm, with ±0.1 cm thickness) by cellophane tape to construct polyphenol sensor in the form of strip test. For TPC analysis, sample or standard (CGA) solution is pipetted (4 lL), and dropped onto the sensor membrane.
Optimization of the concentration of sensor reagent
The optimization study of the sensor reagent was done by followed our previous work with slight modification . Here, fresh solution of NaIO 4 (1, 2, 4, 6, 8, and 10 mM) and MBTH (6, 12, 24, and 48 mM) in phosphate buffer solution (pH 7.0) were mixed at different volume ratios (1:1; 1:1.5; 1.5:1; 1:2; and 2:1) to achieve the highest color intensity (mean red, green, and blue values) with the fastest color development period (0-30 min) of the sensor membrane. For the optimization study, fresh solution of 0.42 mM CGA was applied (4 lL) to the sensor membrane.
Measurement procedure
After the application of CGA solution to the sensor membrane sensing zone, the color change was captured by image scanned using flatbed scanner (Canoscan, LIDE 110, Japan) at 300 dpi resolution. The scanned images were then analyzed with ImageJ program (https://imagej.nih.gov/ij/). Here, the color intensity values of sensors were given by subtracting the intensity value of mean red, green, and blue (RGB) after the application of sample from the intensity value of mean RGB without the sample (control). All of the experiments were carried out in triplicate.
Statistical analysis
The analyzed TPC of all coffee beverages are compared with the values measured by the standard Folin-Ciocalteu (FC) spectrophotometric method, using paired t test (Amatatongchai et al. 2013) . Correlation analysis was used to quantify the association between results obtained using the different methods (Nadifiyine et al. 2013 ).
Results and discussion
Sensor fabrication
The fabrication of polyphenol sensor in the form of strip test was performed by absorption of the mixture of NaIO 4 and MBTH solutions onto filter paper as sensor membrane. As expected, the colorless sensor membrane was changed into pink color just after the application of CGA solution as well as in our previous work . The color change can be typically observed by naked eye.
However, for the determination of total phenol content (TPC), the color intensity of sensor membrane must be calculated by measuring their RGB values after testing sample addition.
Sensing scheme
The non-enzymatic oxidation of CGA by NaIO 4 followed by coupling reaction of its corresponding quinone (CGA-q) with MBTH is used as the basis for colorimetric detection in the developed polyphenol sensor. This is due to the fact that NaIO 4 has been widely used as oxidizing agent for various phenolic acids and flavonoids in the kinetic studies of oxidizing enzymes, such as tyrosinase and peroxidase (Muñoz et al. 2006 (Muñoz et al. , 2007 . In this regard, CGA was oxidized by NaIO 4 to yield CGA-q which then reacted with MBTH to form pink color adduct (CGA-q-MBTH) at the sensor membrane. This finding was conformed to other polyphenol sensors (Abdullah et al. 2006; Arciuli et al. 2013; Hidayat et al. 2016) . Since CGA is known as major phenolic acid found in coffee (Farah and Donangelo 2006; , therefore it can be used to represent polyphenol profile in coffee.
Determination of optimum NaIO 4 and MBTH concentration
In order to determine the optimum NaIO 4 and MBTH concentration for the sensor, several studies were performed to obtain the best parameters (high color intensity and fast response) for the sensor membrane. Firstly, the optimum concentration of NaIO 4 was searched by measuring color intensity of sensor by using fixed concentration of MBTH at 48 mM after addition of 0.42 mM CGA. Figure 1a showed that NaIO 4 at 8 mM gave the highest intensity among others; hence it was used as the fixed concentration for optimizing the concentration of MBTH. Secondly, the optimum concentration of MBTH was pursued by measuring color intensity change of sensor by using 8 mM NaIO 4 with the addition of 0.42 mM CGA. The result revealed that MBTH at 48 mM exhibited the highest color intensity among others, as it can be seen in Fig. 1b . Therefore, mixed solution of 8 mM NaIO 4 and 48 mM MBTH is used for the sensor reagent. Lastly, the optimum volume ratio was determined for the sensor reagent, and it was found that volume ratio of NaIO 4 and MBTH at 1.5:1 gave the highest color intensity change and fastest color developing period as depicted in Fig. 2 .
This finding was quiet similar with our previous work . However, in that study catechin solution was used for optimizing the concentration of sensor reagent, and TPC of green tea beverages were calculated as mg/L catechin equivalent (CE). As the different oxidation characteristics among polyphenols were observed in many spectrophotometric studies (Fulcrand et al. 1994; Jiménez-Atiénzar et al. 2004; Muñoz et al. 2007; Munoz-Munoz et al. 2008) , the compositions of NaIO 4 and MBTH have to be individually examined for each polyphenol to develop colorimetric polyphenol sensor for distinct food or herbal samples.
Response time
The response time of polyphenol sensor was studied using 0.42 mM of CGA solution. The sensor response was recorded every minute until stable color intensity value was obtained. The response time of sensor stabilized 14 min after addition of CGA solution, as shown in Fig. 3 . Therefore, this response time was applied for further measurements.
Polyphenol measurement
As described earlier, CGA was used as standard for determining TPC since it is well known as major phenolic acid in coffee bean ). The calibration curve was constructed by plotting concentration of CGA added to sensor versus its color intensity change (Dmean RGB), as depicted in Fig. 4 . It can be seen that range of the sensor response is linear in the range of 0.07-0.71 mM with coefficient of determination of 0.9991. Sensitivity of sensors is described as the slope of linear curve which was calculated to be 49.176 Dmean RGB/mM CGA (a = 0.05, n = 3). The detection limit (LOD) of the polyphenol sensor, which is defined as the concentration of sample generating a signal equal to the blank signal plus three times its standard deviation which was 0.876, was calculated to be 0.002 mM. The reproducibility of the sensor response was tested toward 0.64 mM of CGA and has relative standard deviation (RSD) value lower than 1%, which indicates the developed method has good reproducibility (Yuwono and Indrayanto 2005) . 
Selectivity
To evaluate the interference of polyphenol sensor, the influence of potential interfering substance, i.e. sugar (sucrose) and milk (skimmed powder), on TPC determination in simulated sample (CGA solution at 150 mg/L concentration) was examined. Different concentration (50, 100, 150, and 200 mg/L in water) and dilution volume (1:1, 1:10, and 1:100 ratios) of interfering substances and their effects on color intensity changes in sensor were investigated. Interfering signal, calculated by subtracting color intensity change of interfering substance added-sample with that of original sample, and divided by color intensity change of original sample was found less than 2.5 and 2.0% for milk and sugar respectively, as depicted in Fig. 5 . This finding indicated that sugar and milk at concentration of 200 mg/L and dilution of 1:100 ratios did not interfere greatly with polyphenol measurement in the sensor developed herein.
Recovery
To evaluate the performance of the proposed method in TPC analysis, simulated sample containing 83 mg/L CGA was analyzed using polyphenol sensor by standard addition method, following recovery test suggested by Huber (2007) . After individual addition of a series solution containing 108, 120, and 133 mg/L CGA to represent 30, 45, and 60% of initial analyte concentration, the recovery of CGA was found to be in the range 100-102%. This finding suggested that the sensor has good accuracy and great potential for determining TPC in real coffee samples.
Stability
In this work, various storage conditions were applied for stability test of the developed sensor. The sensor was separately stored in a well-capped cabinet at room (25°C) and in a chiller at 4°C temperature. Then, the sensor response to added 0.42 mM CGA was measured by using ImageJ program every day, until 10% decrease of initial response was obtained. It was found that after 15 days the sensor response was observed to decrease more than 10% when it was stored at room temperature. Thus, it can be noted that stability of sensor was only maintained for two weeks at room temperature. In attempt to increase the stability of the sensor, the sensor was also stored at chilling temperature. The sensor response towards CGA solution was found to be stable during 27 days storage at chilling temperature. After this period, the sensor response decreased more than 10%, suggesting that stability of sensor was preserved up to four weeks in a chiller.
Application and measurement of TPC in brewedfiltered coffee
In order to demonstrate the practical use of the polyphenol sensor, various samples prepared from coffee beans of different varieties, such as Arabica and Robusta, were applied. By using standard calibration curve of CGA (''Polyphenol measurement'' section), TPC of coffee samples were calculated and expressed as chlorogenic acid equivalent (CGAE) in mg/L (mg/L CGAE). As comparison, the standard FC method was applied for TPC determination of coffee beverages. Here, we followed the TPC method described by Ningsih et al. (2016) . The results showed that the proposed method was in good agreement with spectrophotometric method, since the calculated values of t (t cal ) were less than table t (t tab ) with t tab of 2.776 (df = 4 and a = 0.05) as depicted in Table 1 . Moreover, TPC values obtained by polyphenol sensor and using a spectrophotometer were highly correlated, the coefficient of correlation (r) was found to be 0.999. This is indicating the practical use of the colorimetric paper for the determination of TPC of coffee samples. The amount of chemical reagent used (4 lL) was reduced in the developed method, while larger volume of reagent (0.3-3 mL) was employed in the conventional spectrophotometric method. Moreover, since a common flatbed scanner can be employed to obtain the analytical signal, the consumption of electrical power was extremely lowered. Hence, in terms of investment and operational cost, the developed method was proven to be more economical than that of spectrophotometric method for the determination of TPC in brewed-filtered coffee.
Conclusion
Optical chemical sensor in the form of colorimetric paper for measuring TPC of brewed-filtered coffee was developed that is based on NaIO 4 and MBTH solution immobilized onto filter paper. In this work, the developed sensor gives a linear response in the range at 0.07-0.71 mM with LOD at 0.02 mM, and results were found to be reproducible, have good recovery and be selective for polyphenol measurement. Furthermore, the proposed method is rapid, easy to operate, low-cost and reliable as a simple polyphenol sensor in the field application. In addition, it can be used as an alternative method for measuring TPC in various brewed-filtered coffees. 
